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To further develop genetic techniques for the enteropathogen Brachyspira hyodysenteriae, the gyrB gene of this
spirochete was isolated from a lZAPII library of strain B204 genomic DNA and sequenced. The putative
protein encoded by this gene exhibited up to 55% amino acid sequence identity with GyrB proteins of various
bacterial species, including other spirochetes. B. hyodysenteriae coumermycin A1-resistant (Cnr) mutant
strains, both spontaneous and UV induced, were isolated by plating B204 cells onto Trypticase soy blood agar
plates containing 0.5 mg of coumermycin A1/ml. The coumermycin A1 MICs were 25 to 100 mg/ml for the
resistant strains and 0.1 to 0.25 mg/ml for strain B204. Four Cnr strains had single nucleotide changes in their
gyrB genes, corresponding to GyrB amino acid changes of Gly78 to Ser (two strains), Gly78 to Cys, and Thr166
to Ala. When Cnr strain 435A (Gly78 to Ser) and Cmr Kmr strain SH (DflaA1::cat Dnox::kan) were cultured
together in brain heart infusion broth containing 10% (vol/vol) heat-treated (56°C, 30 min) calf serum, cells
resistant to chloramphenicol, coumermycin A1, and kanamycin could be isolated from the cocultures after
overnight incubation, but such cells could not be isolated from monocultures of either strain. Seven Cnr Kmr

Cmr strains were tested and were determined to have resistance genotypes of both strain 435A and strain SH.
Cnr Kmr Cmr cells could not be isolated when antiserum to the bacteriophage-like agent VSH-1 was added to
cocultures, and the numbers of resistant cells increased fivefold when mitomycin C, an inducer of VSH-1
production, was added. These results indicate that coumermycin resistance associated with a gyrB mutation is
a useful selection marker for monitoring gene exchange between B. hyodysenteriae cells. Gene transfer readily
occurs between B. hyodysenteriae cells in broth culture, a finding with practical importance. VSH-1 is the likely
mechanism for gene transfer.

A major impediment to investigations of the biology of spi-
rochetes (members of the order Spirochaetales) has been an
inability to genetically manipulate these bacteria. Complex cul-
ture requirements and the lack of common genetic tools, such
as selection markers (e.g., antibiotic resistance genes), meth-
ods for mutagenesis, and natural gene transfer, have limited
investigations of Borrelia burgdorferi, Treponema pallidum, Lep-
tospira interrogans, and Treponema denticola (12). An ability to
derive strains with specific mutations is important for identi-
fying virulence-associated genes of these human pathogens.
Recent reports of a shuttle vector plasmid for Leptospira bi-
flexa, a nonpathogenic leptospire (9), of electrotransformation
methods for B. burgdorferi (38), and of a heterologous plasmid
that is stably maintained in noninfectious B. burgdorferi (30)
are encouraging breakthroughs which will undoubtedly facili-
tate genetic investigations of pathogenic strains of Leptospira
and B. burgdorferi.

Brachyspira (Serpulina) hyodysenteriae is an anaerobic spiro-
chete and the etiologic agent of swine dysentery (11, 13). This
enteropathogen offers several research advantages not cur-
rently available for other spirochete species. The cultural, nu-
tritional, and metabolic properties of B. hyodysenteriae have
been substantially characterized (32), and a serum-free, low-
protein culture medium has been described (17). An experi-
mental disease model featuring the natural host animal has

been available for many years (20, 34). Most significantly, re-
cent research has provided a basis for understanding and ma-
nipulating B. hyodysenteriae at the gene level.

A physical map of the B. hyodysenteriae chromosome has been
created (42). A method for targeted mutagenesis of B. hyodys-
enteriae genes by electroporation-mediated allelic exchange us-
ing antibiotic resistance genes as selection markers was first
reported by ter Huurne et al. (37) and has been used to identify
virulence-associated traits of the spirochete (19, 27, 34, 37).
VSH-1, a mitomycin C-inducible prophage which transduces
B. hyodysenteriae genes, has been described (16, 17).

In previous studies, heterologous chloramphenicol and
kanamycin resistance genes were used as selection markers for
targeted mutagenesis of B. hyodysenteriae genes (18, 19, 27,
37) and investigations of gene transfer (17). It would be useful
to have additional antibiotic resistance markers to investigate
Brachyspira genetics.

Coumermycin A1 and other coumarins are fermentation-
derived, broad-spectrum antibiotics targeting the GyrB subunit
of DNA gyrase. DNA gyrase (EC 5.99.1.3; a type of DNA
topoisomerase II) catalyzes ATP-dependent introduction of
negative supercoils into DNA, which affects DNA topology,
and is essential for DNA replication (5, 22, 23). The gyrA and
gyrB genes encode DNA gyrase subunits that have conserved
motifs in diverse bacterial species (15). Specific point muta-
tions in gyrB result in single amino acid changes in the GyrB
protein that confer coumermycin resistance (Cnr) in various
bacterial species (1, 5–7, 14, 23, 36).

Coumarins are not used in the treatment of swine dysentery.
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Coumermycin A1-resistant strains of other spirochetes, B.
burgdorferi (29) and T. denticola (10), have been isolated. Cnr

has been used as a selection marker during mutagenesis of B.
burgdorferi (26, 38). These features made coumermycin A1

resistance attractive as a selection marker for B. hyodysenteriae
mutant strains. Consequently, the objectives of this study were
to produce coumermycin A1-resistant B. hyodysenteriae strains
with discernible mutations in their gyrB genes and to evaluate
coumermycin A1 resistance as a selection marker for monitor-
ing gene exchange among B. hyodysenteriae cells. In the course
of accomplishing these objectives, we found that exchange of a
mutant gyrB gene conferring Cnr readily occurs between B.
hyodysenteriae cells in broth cultures and is likely to be medi-
ated by the gene transfer agent VSH-1.

MATERIALS AND METHODS

Culture media and conditions. B. hyodysenteriae B204 cells were routinely
cultured at 38°C in stirred Difco brain heart infusion (BHI) broth containing
10% (vol/vol) heat-treated (56°C, 30 min) calf serum (BHIS broth) beneath an
initial culture atmosphere containing 99% N2 and 1% O2 (33). BHI basal broth
(no serum added) was used for diluting bacterial cultures. Trypticase soy blood
(TSB) agar plates were prepared with 30 g of Trypticase soy broth plus dextrose
(BBL, Becton Dickinson, Cockeysville, Md.), 950 ml of distilled water, and 9.0 g
of Noble agar. After the medium was sterilized by autoclaving and cooled to
48°C, 50 ml of defibrinated bovine blood was added and the medium was
dispensed (20 ml/plate). TSB agar plates were stored at 5°C in an air atmosphere
but were placed in an anaerobic chamber 24 h before use.

For antibiotic-containing media, a 5-mg/ml stock solution of coumermycin A1

(Sigma) in dimethyl sulfoxide was diluted 1/100 in tubes containing anaerobic
BHIS broth. While the coumermycin A1 was added, the tubes were flushed with
sterile O2-free N2 gas to maintain anaerobic conditions and mixed vigorously in
order to prevent precipitation of the antibiotic. This solution was diluted in BHIS
broth and added to both TSB agar plates and BHIS broth. Media containing
kanamycin and chloramphenicol have been described previously (17).

Sequencing and cloning the B. hyodysenteriae gyrB gene. Based on consensus
amino acid sequences of the GyrB proteins of Borrelia, Treponema, and other
bacteria in the GenBank database, a degenerate PCR primer pair was designed
to amplify the B. hyodysenteriae gyrB gene. Primer 1FOR (59-CCT/AGGT/AAT
GTATATA/TGGT/ATC) corresponds to coding sequence base positions 73 to
92 in the B. hyodysenteriae gyrB gene and primer 1REV (59-ATAGTAGTTTCC
CAA/TAG/AT/CTG) is complementary to coding sequence base positions 1760
to 1741. This primer combination was used to PCR amplify an internal region of
the gyrB gene by using purified B204 DNA as the template. The amplified
product (1688 bp) was purified by ultrafiltration (Microcon 100 column) and
directly sequenced. A single, unambiguous sequence was obtained. The entire
gyrB gene and regions upstream and downstream of the coding region were
obtained from a l clone of B. hyodysenteriae DNA. A lZAPII library of B.
hyodysenteriae B204 genomic DNA was screened for clones carrying the gyrB
gene by plaque lift hybridization with 32P-labeled oligonucleotide probe GR
(59-TCTAATTCAAGTTTTTTAGC) by using standard techniques (28) and
methods recommended by the library manufacturer (Stratagene). Probe GR is
complementary to coding sequence base positions 895 to 914 of the B. hyodys-
enteriae gyrB gene and was designed based on the sequence of the amplified gyrB
internal region. A l clone containing the gyrB gene near the middle of a 6-kb
insert was isolated and sequenced. Every base position on both strands of gyrB
DNA was determined at least once in cycle sequencing reactions (8) at the Iowa
State University Nucleic Acid Facility.

UV mutagenesis. B. hyodysenteriae B204 cells in the exponential phase of
growth (optical density at 620 nm [OD620], 0.7 [18-mm-path-length culture
tubes]; approximately 8 3 107 CFU/ml) were harvested from 15 ml of BHIS
broth. The bacteria were harvested by centrifugation (5 min, 2900 3 g) resus-
pended and washed once in 15 ml of ice-cold phosphate-buffered saline (PBS)
(28) and resuspended in 45 ml of PBS (final cell density, approximately 2.5 3 107

CFU/ml). Five-milliliter samples of the cell suspension were placed in sterile
petri plates 17.5 cm beneath a single UV lamp bulb (the other bulbs were
removed) in a Stratalinker 1800 UV box (Stratagene). The cells were exposed to
a UV dose of 3,500 mJ as measured by the Stratalinker sensor. The UV box was
placed on a rotating platform, and the cell suspensions were mixed (50 rpm)
during UV exposure. Preliminary studies established that this exposure killed 99

to 99.5% of the cells. Control cultures used for determining cell killing and for
isolating spontaneous coumermycin A1-resistant mutants were handled in the
same way but were not exposed to UV light.

Six 5-ml suspensions of UV-exposed cells were pooled, and two 5-ml suspen-
sions of control (unexposed) cells were combined. Each pooled suspension was
harvested by centrifugation as described above, the supernatants were discarded,
and the cell pellets in the centrifuge tubes were placed on ice and transferred into
a Coy anaerobic chamber. The chamber was inflated with a mixture containing
85% N2, 10% H2, and 5% CO2. Inside the Coy chamber, the cells were resus-
pended in anaerobic BHI broth (37 ml for UV-exposed cells and 12.6 ml for
control cells). Serial 10-fold dilutions of the cell suspensions (0.1 ml) were plated
onto TSB agar plates to count the surviving bacteria. Separate cultures were
created by dispensing samples of the suspensions into sterile 18-mm glass tubes
(6.3 ml per tube). Heat-treated calf serum (0.7 ml) and a sterile magnetic stirring
flea were added to each tube. The tubes were sealed with sterile rubber stoppers
and removed from the Coy chamber. The culture atmosphere inside the tubes
was replaced with 99% N2–1% O2, and the cultures were incubated with stirring
in the dark at 38°C until the culture OD620 reached 0.4 to 0.6 (approximately 8
to 10 h for control cultures and 24 to 26 h for UV-treated cultures). Throughout
these procedures, the bacteria were shielded from light by wrapping the glass
vessels and culture tubes with aluminum foil.

Selection of coumermycin A1-resistant strains. Six-milliliter cultures of UV-
treated and control cells were concentrated 10-fold by centrifugation and trans-
ferred into an anaerobic chamber, and serial 10-fold dilutions were made in BHI
basal broth. Samples of the dilutions were plated onto TSB agar plates to
determine viable population densities and onto TSB agar plates containing
coumermycin A1 at a final concentration of 0.5 mg/ml to select for Cnr mutants.
This concentration of coumermycin A1 was approximately five-fold higher than
the MIC of the antibiotic for B. hyodysenteriae B204 cells (wild type) and was
based upon preliminary studies which demonstrated that higher concentrations
of the antibiotic (2.0 and 5.0 mg/ml) inhibited colony formation during the initial
isolation of both spontaneous and UV-induced Cnr strains. We do not under-
stand the basis for this inhibition, since after multiple subcultures the strains
formed colonies on agar medium containing substantially higher coumermycin
A1 concentrations.

Cnr strains were cloned by subculturing single isolated colonies three times on
TSB agar plates containing coumermycin A1. The strains were then cultured in
BHIS broth supplemented with coumermycin A1 (0.5 mg/ml), harvested, and
stored at 270°C. Each Cnr strain was considered an independent isolate, since
only one strain was selected from each culture.

Coumermycin A1 MIC determination. Cultures and cell suspensions of wild-
type and Cnr strains were vortexed to disrupt cell aggregations. B. hyodysenteriae
cells (2 ml) in the exponential phase of growth (3 3 108 cells/ml, as determined
by direct microscope counting) were harvested by centrifugation (10 min,
3,000 3 g, Beckman GPR benchtop centrifuge). The cells were washed once in
2 ml of cold, sterile PBS and resuspended in 6 ml of PBS. Ten-microliter samples
(approximately 5 3 105 bacterial cells) of the suspension were spotted onto TSB
agar plates containing various coumermycin A1 concentrations (spot plate MIC
test). Additionally, the suspension was serially diluted 10-fold in PBS, and 100-ml
samples of the 1023, 1024, and 1025 dilutions were spread on the surfaces of TSB
agar plates (spread plate MIC test). All plates were inoculated in laboratory air
and immediately transferred into a Coy chamber for incubation. After 4 days of
incubation, the coumermycin A1 MIC was identified as the lowest concentration
at which growth was inhibited (no or very faint hemolysis on spot plates and no
colony growth on spread plates). MICs were based on two to four separate
determinations for each strain. The final coumermycin A1 concentrations were 0,
0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10, 25, 50, and 100 mg/ml.

Sequencing gyrB genes of coumermycin A1-resistant strains. PCR primers
2FOR (59-GATTTGTAATATTTAGTTATTC) and 2REV (59-GTATTTATTA
TCCATAATTTG) complementary to regions 56 bp upstream and 82 bp down-
stream of the gyrB stop codon, respectively, were used to amplify the gyrB genes
of nine Cnr strains isolated in this study. The amplified products were sequenced
(8). Base differences between the gyrB genes of Cnr strains and wild-type strain
B204 were confirmed by a second round of PCR amplification and sequencing.

Sequence analyses and computer software. PCR primers were designed by
using Oligo V5.0 for Windows (National Biosciences, Inc.). Gene and protein
sequences were analyzed by using Vector NTI Suite V5.5 (InforMax, Inc.) and
DNASIS v.1.0 (Hitachi Software Engineering Co.). The predicted amino acid
sequence of the B. hyodysenteriae GyrB protein was compared to amino acid
sequences in the GenBank nr peptide database by using BLASTP, version 2.0.13.

Gene exchange studies. To detect genetic exchange among B. hyodysenteriae
cells, coumermycin A1-resistant strain 435A (Table 1) was cocultured with kana-
mycin- and chloramphenicol-resistant strain SH. Strain SH was generated pre-

2038 STANTON ET AL. APPL. ENVIRON. MICROBIOL.



viously by allelic exchange and generalized transduction with purified VSH-1
particles (17). Strain SH cells contain a gene for chloramphenicol resistance
inserted into the flaA1 gene (DflaA1 593–762::cat) and a gene for kanamycin
resistance inserted into the nox gene (Dnox 438–760::kan). Exponential-growth-
phase cells (0.1 ml; approximately 3 3 107 bacteria, as determined by direct cell
counting) of each strain were inoculated into the same culture tubes containing
BHIS broth. When the OD620 of the cocultures reached 1.0, they were serially
diluted 10-fold, and 0.1- or 0.2-ml portions of the dilutions were spread onto the
surfaces of TSB agar plates prepared either without or with coumermycin A1

(final concentration 10 mg/ml), kanamycin (200 mg/ml), and chloramphenicol (10
mg/ml). Duplicate cultures were analyzed in three experiments. Two or three
triply resistant colonies from each experiment (total, seven colonies) were se-
lected in order to analyze their resistance genotypes. For kanamycin and chlor-
amphenicol resistance, each strain was analyzed by PCR amplification of the
Dnox::kan genetic construct with primers ForNK (59-AATGCCAATATTTTAT
AATATAA-39) (35) and REVKM (59-CGCGGCCTCGAGCAAGACG-39) (34)
and by amplification of the DflaA1::cat genetic construct with primers ERL10
(59-GGGGATCCTATGAAAAAGTTATTCGTAGT-ATTAACTTTCC-39)
and ERL16 (59-GATTAAAGATCTCTTTTCTCTTCC-39) (17). The amplifica-
tions yielded 610- and 750-bp products, respectively, for parent strain SH. The
coumermycin-resistant genotype was identified by amplifying a 702-bp region of
gyrB with PCR primers ForGyr (59-GATTTGTAATATTTAGTTATTC-39) and
RevGyr (59-CTCATCTTTAAGAGTAATCC-39). The amplified product was
sequenced to detect substitution of A for G at base position 232, a mutation
associated with coumermycin resistance in parent strain 435A (Table 1).

VSH-1 antiserum. Antiserum to bacteriophage VSH-1 was produced by in-
jecting a rabbit with virion particles purified by density gradient ultracentrifuga-
tion (17). Six VSH-1 preparations were combined for immunization. The purified
virions were mixed with RIBI adjuvant in 0.05 M sodium phosphate buffer (pH
7.0), as recommended by the manufacturer (RIBI ImmunoChem Research Inc.).
The rabbit was given a primary injection (100 mg of total VSH-1 protein/0.4 ml)
in the thigh muscle. This was followed by two consecutive monthly booster
injections, each containing 50 mg of VSH-1 protein. The rabbit was anesthetized
and exsanguinated 10 weeks after the primary injection. A 1:2,000 dilution of the
antiserum has been used for Western immunoblot detection of VSH-1 proteins
in B. hyodysenteriae cultures and to screen plaques of l clones made from a B.
hyodysenteriae genomic library (M. G. Thompson and T. B. Stanton, unpublished
data). In the present study antiserum to VSH-1 was added to cultures at a final
concentration of 0.5% (vol/vol) to examine its effect on gene exchange. A control
blood sample (2 ml) was taken before immunization. All animal protocols were
approved and conducted according to the guidelines of the National Animal
Disease Center Animal Care and Use Committee.

Nucleotide sequence accession number. The sequence of the B. hyodysenteriae
gyrB gene has been deposited in the GenBank database under accession no.
AF288224.

RESULTS

B. hyodysenteriae B204 GyrB sequence. The B. hyodysenteriae
gyrB gene sequence was determined from the sequences of a

PCR amplicon of strain B204 DNA and a lZAPII clone con-
taining DNA that hybridized with oligonucleotide probe GR,
designed from the amplicon. The predicted amino acid se-
quence encoded by a 1908-bp open reading frame within the l
clone is shown in Fig. 1. This sequence exhibits significant
similarity (BLAST Expect “E” values, e2113 to 0) over its entire
length with 91 GenBank sequences that are identified or pu-
tative DNA gyrase subunit B proteins. The B. hyodysenteriae
protein exhibits the highest sequence identities (50 to 56%)
with GyrB proteins of bacteria that include other spirochetes,
B. burgdorferi (Fig. 1), T. denticola, and T. pallidum. Four
regions of the B. hyodysenteriae protein (Fig. 1, regions A to D)
exhibit high sequence similarities (48 to 60%) with Escherichia
coli GyrB. Three of these regions are conserved domains that
differentiate bacterial GyrB proteins from homologous ParE
proteins, which are subunits of DNA topoisomerase IV (31).

Based on the considerations described above, we concluded
that the cloned 1,908-bp open reading frame is the B. hyodys-
enteriae gyrB gene. Furthermore, as discussed below, coumer-
mycin A1-resistant B. hyodysenteriae strains have amino acid
substitutions in the GyrB sequence, and these substitutions
parallel changes in the Cnr GyrB proteins of other bacterial
species.

The GyrB protein of B. hyodysenteriae has an estimated
molecular mass of 71,160 Da and is composed of 636 amino
acids (Fig. 1). This protein is smaller than the E. coli GyrB
protein, which has an additional 170-amino-acid insert at its
C-terminal end (Fig. 1). Based on GenBank sequence compar-
isons performed with ClustalW (data not shown), this smaller
sequence is characteristic of GyrB proteins of diverse bacterial
species, including all spirochetes that have been examined,
gram-positive and related bacteria (Mycoplasma pneumoniae,
Staphylococcus aureus, Bacillus subtilis), the archaebacterium
Thermotoga maritima, and the gram-negative anaerobe Bacte-
roides fragilis. In contrast, larger, E. coli-like GyrB proteins
have been reported for the gram-negative facultative anaer-
obes Myxococcus xanthus, Salmonella enterica serovar Typhi-
murium, Pseudomonas aeruginosa, and Haemophilus influen-
zae.

UV mutagenesis and coumermycin A1 resistance. Exposing
B. hyodysenteriae cell suspensions to a UV dose of 3,500 mJ
resulted in death of more than 99% of the bacteria (the bac-
terial viable counts decreased from 1.9 3 107 to 1.8 3 105

CFU/ml). This exposure resulted in a 10-fold increase in the
number of cells forming colonies on solid medium containing
0.5 mg of coumermycin A1/ml (the number increased from
1.7 3 1027 to 1.8 3 1026 coumermycin-resistant CFU/total
CFU). After 5 days of incubation at 38°C, coumermycin A1-
resistant colonies appeared as discrete 1- to 4-mm hemolytic
zones against a background of faint hemolysis caused by plat-
ing high densities of hemolytic cells of the spirochete.

Nine mutant strains able to grow on TSB agar plates con-
taining coumermycin A1 were independently isolated (Table
1). Seven of these strains came from cell suspensions that had
been exposed to UV light. Cnr strains 120B and 420A were
isolated from cultures not exposed to UV light and thus were
spontaneous mutants.

Coumermycin A1 MICs for the resistant strains were deter-
mined by both a spot plate test based on standard antibiotic
MIC assays for Brachyspira species (21, 40) and a spread plate

TABLE 1. Characteristics of coumermycin A1-resistant
B. hyodysenteriae strains

Strain Coumermycin A1
MIC (mg/ml)a

Mutationb

gyrB codon GyrB amino acid

120B 25–100 T232GT Cys78
235C 50–100 A232GT Ser78
435A 50–100 A232GT Ser78
235E 50–100 G496CT Ala166
235F 25–50 NC NC

a MICs (in micrograms of coumermycin A1/per milliliter of TSB agar) are
based on two to four determinations for each strain. B. hyodysenteriae wild-type
strain B204 had a coumermycin A1 MIC of 0.1 to 0.25 mg/ml.

b The subscript numbers refer either to nucleotide base positions in the gyrB
coding sequences or to the corresponding amino acid positions in the predicted
GyrB proteins. The corresponding wild-type strain B204 base positions are
G232GT (Gly78) and A496CT (Thr166). NC, no change. Strain 235F and four
other coumermycin-resistant strains (235C, 235D, 635F, and 420A) had gyrB
sequences identical to that of wild-type strain B204.
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test. The spread plate test was used to determine antibiotic
concentrations for subsequent genetic exchange studies. Re-
sults obtained from both techniques indicated that the coumer-
mycin A1 MICs were 25 to 100 mg/ml for all of the resistant
B. hyodysenteriae strains (Table 2). Under the same assay con-
ditions, the MIC for wild-type strain B204 was 0.1 to 0.25 mg of
coumermycin/ml. Dimethyl sulfoxide, the initial solvent used
for the antibiotic, at final concentrations up to 1% (vol/vol) did
not affect growth of the spirochete strains on TSB agar plates.

Coumermycin-resistant strains 120B, 235C, 435A, and 235E
each had a single base mutation in gyrB, which provided three
discernible genotypes (Table 1). Five other resistant strains

had gyrB gene sequences identical to that of wild-type strain
B204 and, due to their indiscernible genotypes, were not stud-
ied further.

Coumermycin A1 resistance gene exchange between B. hyo-
dysenteriae strains. To investigate the possibility of coumermy-
cin A1 resistance transfer in B. hyodysenteriae broth cultures,
cells of Cnr strain 435A (Table 1) were cultured with cells of
Kmr Cmr strain SH in BHIS broth, and samples of the cocul-
tures were plated onto TSB agar containing coumermycin A1,
kanamycin, and chloramphenicol (Table 2). Based on MIC
results (Table 1), a coumermycin A1 concentration of 10 mg/ml
was used.

FIG. 1. Comparison of amino acid sequences of the GyrB proteins of B. hyodysenteriae (BhyoGyrB), B. burgdorferi (BbGyrB), and E. coli
(EcoGyrB) and the ParE protein of E. coli (EcoParE). B. hyodysenteriae GyrB exhibits overall sequence identities of 56, 42, and 37% with B.
burgdorferi GyrB, E. coli GyrB, and E. coli ParE, respectively. In regions A to D, the B. hyodysenteriae GyrB protein exhibits the following sequence
identities with B. burgdorferi GyrB, E. coli GyrB, and E. coli ParE, respectively: region A, 44, 48, and 22%; region B, 50, 58, and 34%; region C,
60, 54, and 33%; and region D, (D) 58, 60, and 21%. B. hyodysenteriae Cnr strains isolated in this study have amino acid mutations at positions
Gly78 and Thr166, (indicated by asterisks).
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Cells resistant to all three antibiotics were isolated from the
cocultures after overnight incubation and were present at lev-
els of approximately 360 CFU/ml (Table 2). Strains resistant to
all three antibiotics were not detected in (control) monocul-
tures of either strain SH or strain 435A (Table 2). These results
suggested that the triply resistant mutants resulted from gene
transfer and were not the result of spontaneous mutations.

Triply resistant strains resulting from gene exchange in co-
cultures should have possessed the genotypes of both parent
strains, SH and 435A. In three experiments, a total of seven
B. hyodysenteriae strains (designated QM-1 to QM-7) were
isolated by subculturing randomly chosen colonies from TSB

agar plates containing coumermycin A1, chloramphenicol, and
kanamycin. Based on PCR analyses, each triply resistant strain
had kan and cat genes, like strain SH (Fig. 2A), and contained
a gyrB gene mutated at base position 232 (A232 to G, resulting
in a change from Gly78 to Ser), like strain 435A (Fig. 2B).

Cnr Kmr Cmr strains produced by gene exchange were not
isolated from cocultures to which rabbit anti-VSH-1 antiserum
(final concentration, 0.5% [vol/vol]) had been added (Table 2).
The antiserum had no detectable effect on growth of either
strain. Preimmunization serum from the same rabbit did not
affect gene transfer (Table 2). An explanation for these find-
ings is that VSH-1 (17) was produced spontaneously in B. hyo-
dysenteriae cultures and was transfer agent for coumermycin-
resistant gyrB in the cocultures. Also supporting this conclusion
is the observation that addition of mitomycin C to cocultures

FIG. 2. Genotype analyses of antibiotic resistance determinants of
strains SH (Kmr Cmr), 435A (Cnr), and QM-1 (Cnr Kmr Cmr). Six
other triply resistant strains (QM-2 to QM-7) were examined and gave
results identical to those obtained with strain QM-1. (A) PCR ampli-
fication to detect the kan gene (lanes 1, 3, and 5) and the cat gene
(lanes 2, 4, and 6). (B) DNA sequence analysis to detect the gyrB
nucleotide change (corresponding amino acid change) associated with
coumermycin resistance.

TABLE 2. Exchange of antibiotic resistance genes between
B. hyodysenteriae strains 435A (coumermycin A1 resistant) and

SH (kanamycin and chloramphenicol resistant)a

BHIS broth culture

CFU/ml of culture

TSB agar TSB agar 1
antibioticsb

Strain 435A (Cnr) 7.3 3 107 Und
Strain SH (Kmr Cmr) 3.0 3 108 Und
Coculture (435A 1 SH) 1.7 3 108 357
Coculture 1 antisera to VSH-1 2.4 3 108 Und
Coculture 1 preimmune sera 2.2 3 108 362
Coculture 1 mitomycin Cc 1.6 3 108 1,810

a The values are averages for cultures in three experiments, except for cocul-
tures to which antiserum and mitomycin C were added (averages of two exper-
iments). Strain 435H contains a coumermycin A1-resistant gyrB gene (Table 2).
Strain SH (DflaA1 593–762::cat Dnox 438–760::kan) was constructed previously
(17).

b TSB agar containing kanamycin (200 mg/ml), chloramphenicol (10 mg/ml),
and coumermycin A1 (10 mg/ml). Und, undetected (the incidence of spontaneous
triply resistant mutants was less than 2 3 1028 or less than 1 CFU per 5 3 107

CFU plated).
c Mitomycin C was added at a final concentration of 0.2 mg/ml to cocultures

after inoculation of bacteria.

FIG. 1—Continued.
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resulted in a five-fold increase in the number of triply resistant
cells obtained after incubation (Table 2). Mitomycin C induces
production of VSH-1 particles in B. hyodysenteriae cultures (16,
17). In separate experiments, triply resistant B. hyodysenteriae
cells were isolated from strain SH cultures to which VSH-1
particles purified from mitomycin C-treated 435A cultures had
been added (Stanton and Humphrey, unpublished data).

DISCUSSION

The results of our investigations, as elaborated below, led to
the following conclusions. Discernible mutations, both sponta-
neous and UV induced, in the B. hyodysenteriae gyrB gene
result in coumermycin A1 resistance. Coumermycin A1 resis-
tance due to a gyrB mutation is readily transferred between
B. hyodysenteriae strains in broth cultures. VSH-1 is the most
likely mechanism for Cnr gyrB gene transfer between B. hyo-
dysenteriae cells. These findings have implications both for in
vitro investigations of B. hyodysenteriae and for understanding
aspects of the ecology and evolution of this spirochete.

The N-terminal domain of bacterial GyrB subunits contains
the ATP binding site of DNA gyrase and is the site for muta-
tions conferring coumarin resistance (23, 24). Amino acid sub-
stitutions in B. hyodysenteriae GyrB proteins occurred in the
N-terminal domain, and these substitutions are comparable to
changes associated with coumermycin resistance in other spe-
cies. Mutations comparable to the GyrB Gly78-to-Ser change in
B. hyodysenteriae 235C and 435A confer coumermycin A1 re-
sistance in other species; such mutations include Gly74 to Ser in
B. burgdorferi (D. S. Samuels, personal communication), Gly124

to Ser in Bartonella bacilliformis (1), and Gly85 to Ser in S.
aureus (36). To our knowledge, the Gly78-to-Cys modification
of GyrB in B. hyodysenteriae spontaneous mutant strain 120B is
the only example of a mutation of this Gly residue to an amino
acid other than Ser. The substitution in the coumermycin-
resistant GyrB subunit of strain 235E (Thr166 to Ala) parallels
amino acid substitutions observed in the coumermycin-resis-
tant GyrB of B. bacilliformis (Thr214 to Ala or Ile), B. burgdor-
feri (Thr162 to Ile), and S. aureus (Thr173 to Asn) (1, 36; Sam-
uels, personal communication).

Cnr strains of bacterial species other than B. hyodysenteriae
commonly have homologous mutations corresponding to sub-
stitutions for Arg136 in E. coli (1, 5, 6, 14, 29, 36). T. denticola
has a wild-type GyrB protein with Lys136 in place of Arg, and
spontaneous coumermycin A1-resistant strains of this spiro-
chete have modifications of Lys136 to Thr or Gln in GyrB (10).
B. hyodysenteriae has a comparable Lys137 in wild-type GyrB
(Fig. 1); however, none of the Cnr strains which we isolated
had amino acid modifications at that residue. Characterization
of additional Cnr strains may permit evaluation of whether
Lys137 is a stable residue and thus whether there is a possible
functional difference between the GyrB protein of B. hyodys-
enteriae and those of other bacteria.

The basis for coumermycin resistance in five B. hyodysente-
riae strains remains unknown, since the gyrB sequences of these
strains are identical to that of wild-type strain B204. Mutations
in genes other than gyrB have been associated with coumer-
mycin resistance in other bacteria (24).

B. hyodysenteriae Cnr Kmr Cmr strains most likely resulted
from unidirectional transfer of gyrB from strain 435A to strain

SH. The alternative explanation, that strain SH was the donor
of both Kmr and Cmr, would require independent transfer of
both flaA1::cat and nox::kan genes to the same 435A cell. This
scenario seems improbable since the flaA1 and nox genes are
unlinked and are located on opposite sides of the B. hyodys-
enteriae B78T chromosome (42).

VSH-1 is a bacteriophage-like element that packages ran-
dom 7.5-kb fragments of B. hyodysenteriae genomic DNA
(17). VSH-1 is the only known mechanism for gene transfer in
B. hyodysenteriae. In this study, anti-VSH-1 antiserum inhibited
Cnr gyrB transfer (Table 2). Mitomycin C, an inducer of VSH-1
(17), enhanced gene transfer. Purified VSH-1 particles trans-
mit coumermycin resistance to strain SH cells. Based on these
considerations, VSH-1 is the likely agent for Cnr gene transfer
in cultures of this spirochete.

Previous investigators either have reported spontaneous ap-
pearance of bacteriophage particles resembling VSH-1 (25)
or have described extrachromosomal DNA that is the size of
VSH-1 DNA (7.5 kb) in cultures of B. hyodysenteriae (3, 4, 41;
L. A. Joens, A. B. Margolin, and M. J. Hewlett, Abstr. 86th
Annu. Meet. Am. Soc. Microbiol. 1986, abstr. H-173, 1986).
VSH-1-like bacteriophages have recently been detected in
other Brachyspira species (2). In our laboratory we have been
unable to confirm reports of other investigators since we have
been unable to directly detect VSH-1 particles or 7.5-kb DNA
in B. hyodysenteriae cultures (16, 17). Based on a frequency of
1.5 3 1026 transductant per phage particle for VSH-1 (17), a
DNA content of 7.5 kb per phage particle (17), and production
of 360 triply resistant CFU/ml due to the transfer of Cnr, we
conservatively estimate that VSH-1 particles are produced in
B. hyodysenteriae cultures at levels that are at least 5- to 10-fold
lower than the limit of detection of our previous assays for
VSH-1 DNA (limit of detection, 40 ng of VSH-1 DNA/ml of
culture). The results of this study suggest that monitoring Cnr

gene transfer in cocultures of strains 435A and SH is a more
sensitive assay for VSH-1 production than either analysis for
7.5-kb extrachromosomal DNA fragments or (not surprisingly)
electron microscopy to detect phage particles. We are current-
ly using increases in the incidence of triply resistant strains in
cocultures of the two strains as an assay for chemicals or
conditions that induce VSH-1 production (Matson, unpub-
lished data).

The observation that gene transfer readily occurs between
B. hyodysenteriae strains in broth cultures has practical impor-
tance. Recently, by using the broth coculture method described
in this paper, other investigators have been able to produce
B. hyodysenteriae strains with double mutations in separate fla
genes, and they are using these strains to investigate spirochete
motility (C. Li and N. W. Charon, personal communications).
The use of Cnr as a selection marker should facilitate addi-
tional investigations of B. hyodysenteriae involving gene ex-
change. Among the spirochetes, B. hyodysenteriae stands out as
a good, practical choice for studying spirochete genetics and
investigating aspects of spirochete biology through the use of
mutant strains.

The findings of this study may also have ecological signifi-
cance. In a comparative analysis of the genetic diversity of 231
B. hyodysenteriae isolates by multilocus enzyme electrophore-
sis, Trott and colleagues (39) concluded that substantial ge-
netic recombination has shaped the overall population struc-
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ture of this spirochete species. The gene transducing capability
of VSH-1, especially since there are no other known mecha-
nisms of gene transfer, leads to the hypothesis that VSH-1 has
been a major factor in B. hyodysenteriae evolution. In view of
this hypothesis, it would be worthwhile to examine natural
factors that influence VSH-1 production and to assess VSH-
1-mediated gene transfer between B. hyodysenteriae cells in
their natural environment, the swine intestinal tract.
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